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FOREWORD

In Part I of this report (Schwiderski, 1978a), a combined hydrodynamical-empirical method
was introduced to compute numerically harmonic partial tides in the world oceans with an ac-
curacy of better than 5 cm, which is needed in various military and civil applications of today. In
this report, the computed semidiurnal principal solar tide (S2) is displayed in an atlas of tabulated
tidal charts and plotted corange and cotidal maps.
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ABSTRACT

" In Part I tSehwiderski, 19 78a) of this report, a unique hydrodynamical interpolation tech-
niq(lue was introduced, extensively tested, and evaluated in order to compute partial global ocean
tides in great detail and with a high degree of accuracy. This novel method has been applied to
construct the semidiurnal principal solar (S2 ) ocean tide with a relative accuracy of better than
5 cm anywhere in the open oceans. The resulting tidal amplitudes and phases are tabulated on a
I° x I0 grid system in an atlas of 42' x 710 overlapping charts covering the whole oceanic globe. A
corresponding atlas of global corange and cotidal maps is included to provide the reader wilh a
q(ick general overview of the major tidal phenomena. The specifying hydrodynamiiical parameters
of the model are listed along with quoted sources of empirical tide data, and significant tidal
features are explained and discussed. The S2 ocean tide is found to resemble closely the
corresponding lunar M2 tide presented in Part I1 of this report.-
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I. INTRODUCTION

Part I of this report (Schwiderski, 197 8a) introduced a unique combination of hydrody-
namical and empirical methods to model detailed ocean tides with a relative component accuracy
of better than 5 cm anywhere in the open oceans. This enormous accuracy is well above minimum
requirements set by. for instance, the National Aeronautics and Space Administration (NASA)
and the Department of Defense (DoD) - to map the geoid at sea by satellite altimetry to within
10 cm. The following features of this unique hydrodynamical interpolation model made the
achievement of this accuracy possible.

a. A spherically graded I x I' grid system is set up in connection with a corresponding
I ° x I 0 bathymetry to assure a sufficient resolution of all important tidal phenomena.

b. The bathymetry of the gridwise. simply connected ocean basin is hydrodynamically
defined (Schwiderski, 1978c) by appropriate modifications of earlier realistic depth data col-
lections. The hydrodynamical redefinition was needed in order to model the well-known strong
distortion and retardation effects of shallow continental shelves, narrow ocean ridges or island
chains, and other significant bottom irregularities.

c. The Boussinesq substitution of the turbulent Reynolds stresses is applied in the form of
eddy dissipation with a novel physically meaningful eddy viscosity that depends linearly on the
lateral grid-cell area and, hence, directly on the ocean depth.

d. The linear law of bottom friction is introduced with a bottom-friction coefficient depend-
ing linearly on the bottom grid-cell area which is independent of the ocean depth. In boundary
cells, the otherwise constant friction coefficient is subjected to an indirect cellwise adjustment in
order to permit a consistent hydrodynamical interpolation (see h., below) of empirical tide data
known from tide gauge stations at continental shores, islands, or other shallow-ocean bottom
irregularities.

e. The effects of the terrestrial tide and the oceanic tidal load are included as simple second-
order approximations in the sense of Love and Accad and Pekeris (1978).

f. The Hansen-Zahel (Zahel. 1970 and 1977; Estes, 1977) finite differencing technique is
modified by a new differencing scheme in time which improved decay, dispersion, and stability
characteristics of the numerical procedure and facilitates the simple indirect adjustment of the
bottom-friction coefficient in the hydrodynamical interpolation technique (see d. and 11.).

g. At land-ocean cell walls, the conditions of no-flow across and free-slip along the bounda-
rics are enforced. The no-flow condition is subsequently relaxed by allowing controlled periodic
inflows and outflows over the mathematically assumed boundaries. This allowance redefines
indirectly more realistic shorelines in order to further improve the consistency of the hydro-
dynamical interpolation of empirical data (see d. and h.).



h. A unique hydrodynamical interpolation technique is introduced which incorporates into
the theoretical model empirical tidal constants collected from over 2 000 tide-gauge stations
around the world in a hydrodynamically consistent fashion (see d., f., and g.. above).

i. A new higher-order approximation of arctic ocean tides is used, that is described in
S,,chwiderski ( 1981 ).

With these features, the new model was successfully applied to chart the semidiurnal principal
Ilnar (Mi,) ocean tide with the desired accuracy. The technique and accuracy of the model were
extensively described and discussed in Part I of this report as well as in subsequent publications
and symposia presentations by the author (Schwiderski 1978a, b; 19 79a. b, c. d, e; and 1980).

The same hydrodynamical interpolation technique has been applied to chart the semidiurnal
principal solar (S2 ) ocean tide with the same relative accuracy as M2 . Again. it must be emphasized
that the enoraIous accuracy achieved over all open ocean regions diminishes somewhat near
coastal areas where known empirical data are marginal in quantity and/or quality.

A complete listing of all sources of empirical ocean tide data, which were interpolated into
the S, tidal charts, is presented in Appendix A. In the meantime, Section 2 of this report lists
the significant hydrodynamical input parameters that specified the constructed S2 ocean tide.
[lle major features of the global S2 tide are discussed in Section 3. A complete numerical display
is presented in Appendix A where all tidal amplitudes and phases are gridwise tabulated in map-
like charts. ('orange (equi-amplitude) and cotidal (equi-phase) maps of the S2 ocean tide are
plotted in Appendix B.
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2. S, OCEAN-TIDE PARAMETERS

ihe ast ronomical ,wmnidiurnal principal solar (S2 ) eq ulihhri in tide 17 (or I ide- eucratinv

potential (.rI : sec Scliwiderski, 1I9 78a ) at the geographical point! (X, 0) and instant (t) is dI~criicid

= 7 CoS2 k ctS(uj + X + 2)(

hxIerc

G 9.8 1 ni/sec 2 earth gravity acceleration

X longitude (ceast inl rad)

0 latitUde (north in rad I
t universal standard timec of day (ill sec)

K 0.1 12 841 i = S2 equiilibritim tide amp~jlitude

u 1,.45444 10 4 secI = S2 tide fre(luency
X 0 S2 astronomical argument (inl rad)

The c corresponding" inlStantaneConS ocean partial tide (Schwiderski. 1 978a ) ik determined h,.

~Cos (t + x 61.

wvhere the local harmonic constants

X-0 S2 oceanl tide amlplitude (in im)

8 6(A. 0) S, oca ie Greenwigh pliase (inl rad)

iilist be, determined, say. hw linear interpolation inl the t idal Charts of Appcndi\% A.

Ai ii p )IC second-order appromii mat loll inl t lCie neOf' LOve anld Accad and Pvc eris (,ee Part 1.

Sclimxixlerk i. 1 9 78a. 1(979(. and 1 980: and Accad and Pekeris, 1978) vie Ids

(,1 I ,2 an 1) d 0.0(Th7 .

lie th cor-rcsndiiig terrestrial tide " and thec earth dip (yielding) titdcr the oceainict ida)

Im :iL . respe~lct c. A itore elaborate and proba bly slightlyv more acculratVecarthI dil p(' ma V1 be

&I)iiipiitckl hy 11in kiLarrell\ ( 0-cei ii iction (,.ec Farrell. 19721 and 1973: and Schwiderski. IoW8t.

hi linear superpooitirin. one finds the corrsponding instantaneous geocentric partial S. tide:



A detailed dsrpinof the hydrodynamrical-emnpirical model to compu)Lte tilt oceanl (4)a

amp11litu.des and phaI.seS 6 (listed in Appendix A) was given in Schwiderski ( 1978a. I 979c, d, and
1 ')80). 111 I)artiCu~lar. all model inpu)Lt parameters suICh as the dimensionless eddy coeffticient (- (1--l s
103 and 12 2, ). the hot toin-frition parameter b' (Eq's. 4a and b), and the differencing parameters
Kc and K~ 1Iq'. 0-4 and 72) were all specified in Schwiderski (1 978a) (referenced equationls). These
parameters were determined for M, by extensive trial-and-error compu)Ltations and remainvd
unch.:laIiee fbr the c:onstruction ()f S2

In thle Computation of, the S,~ tidle model, the following miode-dependent parameters were
uIsed (see referenced equationIs in Sehwiderski, 1978a):

a. Thie time step At ( Eq's. 04. 1 23):

At=180.000 sec (5)

1). Thle hydrodynaniical interpolation control limits. A A2 and k3 (Eql's. 88, 89, 94. 97.
a~nd 9Q) remained the same as for M2

A1=0.045,A k 0.045.A 1, 0.5. (6)
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3S, OCLANTIDl) FEATURES

lienitir comlsltliicd S, ()cc,,,, tidc is, gridw ise displayed Ii map-like aiplitude and phase
tahic III Appe)iidli\ A. 1liC 42' \ -' chart,, cover thle whole gIlobe north Of' COlAtitue P0
(AIII 'r~fical III tlhree /onlcs: 'a nitlierii /oiie N froim 0' to 71' colatitUde. a iniddle /one N1 from
4'., to I P, 0koIitillildc. and aI so~thernI- 10ie S from11 98" to 1 68' colatitude. [Fle overlappiii

jC~ hi~I.rcAis (0 111e fidal chairts; laxc e b i chosen to provide at worldwide coverage f'or spcciaIll
avliafios ndto llllox the realder 1 to scan tile large amplitude and phase charts together Ii orderi

fo) exaltiat:111:1 the ir lIt\ Miid \isniie the important tidal features. Ini addition, a generall\ slipci-
i1cial1 0\cll 0r ext 0l 11Ci tidal features canl lit recoiied by inspecting thle moore schematicajlly

plottedk curanne and cot idal naips proxided Ii Appendix B.

I Mr a 111~ CJx, Cil1tiif on of C fleidal chart.- inl Appendix A. all hyd rodynamIi icall y interpolated
eiicKaltidal1 a1)mplide and phases, hiaxe been v.isibly marked by subbars f'or all shore data anld
sti hbra e-ke1 ts or All nia-slIore deep1-sea inpu)t conistants. FUrthlermore, the charts display thle

a~ppro~iila tc 10cation" (fl diStantl offl-shiore deep-sea stations by siibtildes Linder tile comlpuited
apitndeIMI anld phaMSe da'ta[. IlIme coiresponding empirical data, Which were excluded froim ltxdro-
d\ na,1iciiial iterpola tioi (sce Sct. I and Schwiderski . 1 9 7 8a, I 979d . and 1980). are listed and
compareII-d With ile node led dataI Inl la les, I . 2. and 3. Finaly . tfile approximate geographical
locations oh, tile imnportanit aiiphiidronnc points of' /ero amplitudes are marked by a circled 0

[het tial charts anld naps, permlit the \ iexver to f'ollow?, the tidal wkaves, that is, thle high water
rion ts retsi forxx ard I or b)akwardi dlirction. tor intstance. On their rotation aroiiid thle

'ilipliidroii1iic pIMlit-s. Inl file tidall phase charts of' Appendix A. it is best to start f'rom thle pro-
iimnlt l\ sib Ic U - Si)0Y or IOU' cotidal lines. Since the Greenwich phases specif'y the titne latus
In decees 3= I tiour) oh' tile tidal crests relatix e to the crest ing time of' thle correspondi11g

cqftilibriuiiii tidle Along4 ( reenwiMch merfidian, oneC gathers a vi d impressioni of" the significant global
anid local tial plicnoliin.

B\v lollovs l1ug tilie tidall waxes onl their periodic rotations, one findls these waves passing thlroughl
the sp1ccialkx iiarked stations inl empirically correct time and with the correct heigiht. Inl fact. all
user tie globe ox r 2 000I tidal pases an 2 000 amplllitudeIS are colierentlN integirated. TFis is
p~itIlarl\11- immpressie for thle charts of' the Pacit'ie Ocean. whelire the empirical data from so miix

cliserd anld scattered islnd staltions fit smoothly11 inlto tile sUrrotinding coniptited tides. From thec
slilothlles fetures oh crr:mticeall interpola ted tidal data (see Parts I and 11). one concludes that

tisl, result is nt an artiacit ofl thle interpolation applied but consti~ttes a xi\ itd mlanlilCstatIOti o1 thle
excllent1 coimpatmbmlt\ ofI both the emipirical aind hyvdrodytnamical procedures combined.

01i1 thme basis of this ohsersatminl. it can aimin (see Schwiderskm. I U~a. b., 1 7 9 a. 1). d. c.
and M I c cN"6 be stiiate thtat thme S, tid" liarts permiit at title prediction with a uniform accuirac\

rclmtmse toj 4 of et feitr tli~ § (mAls where Ill the OptIl Oceans. Naturally. near rough oceci bsi
reliefs Ic L.. \rti ad A\iitm tit, sdiorest). w here empirical tide (and depth) dlata aire marginal Ii
(Iialit 'I i qtpmimnit . a sommt lm 1 mt lesser 1111.114Itlis be eXpcted. The CStiti1Mtd acuir-aC\ of



the computed S2 tide is, of course, fully validated by all 32 empirical tide data from distant off-
shore deep-sea tide gauge stations, which are listed along with the comnpuled data in Tables I, 2,
and 3. Fhe differences (not necessarily errors) range from 0 to 3 cm in amplitudes and 00 to 0'
(12 minutes) in phases (with one 130 exception) and thus verify the estimated prediction accuracy.

From the tidal charts and maps in Appendixes A and B3, one concludes the following major
features of the S2 ocean tide, whiicl are very similar to M2 (see Schwiderski I 9 79e):

Table 1. North Atlantic Ocean Deep-Sea Empirical and Modeled S2 Tides

LONG W LAT N EMP MOD A EVIP 6 MOD 6 A6 IAPSO NR SOURCES

13051 '  58016 '  32 33 + 1 204 207 +3 1.1.37 C
24043 '  62050' 35 35 0 217 220 +3 1.1.29 C
28046' 6001 27 28 +1 22l 225 +3 1.1.30 C
29058' 57001' 19 21 +2 217 222 +5 1.1.31 C
30010 '  53039 '  13 12 -1 198 201 +3 1.1.32 C
25006' 53031' 18 18 0 183 187 +4 1.1.33 C
20000 '  53039 '  24 25 +1 177 179 +2 1.1.34 C
2801 I' 48045' 10 I1 +1 141 142 +1 1.1.38
28009 '  450211 12 13 +1 112 114 2 1.1.39 C
27057 ,  41025 '  15 17 +2 92 94 +2 1.1.40 C
20005' 37009' 23 24 +1 83 88 +5 1.1.41 C
14015 '  36041 '  30 30 0 92 89 -3 1.1.42 C
75o38 -- - -T-- o- ~ - ~ ~ ~ ~ ---

75038' 32042' 7 8 +1 27 26 -I 1.2. 3 c.M
76025' 30026 ,  8 8 0 23 25 +2 1.2.11 ,I'
76048' 28°27' 7 7 0 32 34 +2 1.2.15 C
76047' 28°0' 7 7 0 41 35 -6 1.2.14 C
6703 280 14'  7 7 0 32 33 +1 1.2. 5 C, I
69045 '  28008 '  7 7 0 31 33 +2 1.2. 4 C, Z
69040' 27'59 '  7 6 -1 30 34 +4 1.2. C z
69040 '  27°58 '  7 6 -1 33 34 +1 1.2. 7 CZ

69020' 260281'  6 6 0 34 35 +1 1.2.10 C, Z
90 19' 260 27' 7 6 -1 31 35 +4 1.2. 9 C, Z

t = Amplitudes ,ciI)
h = (;reenich Phases (deg)
IAPSO Irt. Assoc. tor the Phys. SO). oft he Oceans
C (awright et al. (1979)
N Mol)ed 19"75)
P = Pearson (1975)
7 =  

Zeler et al. (1975)

6
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Table 2. Northeastern Pacific Ocean Deep-Sea Empirical and Modeled S2 Tides

LOG W LAT N EMP MOD At EMP 6 MOD 6 A6 IAPSO NR SOURCES

144022' 50008 32 33 +1 315 317 +2 2.1.17 C
135038' 530 19' 30 33 +3 301 303 +2 2.1.16 (
132047' 49-35 '  29 28 -1 283 287 +4 2. 1. 15
145000' 34000' -- 12 - - 323
145000' 34000 '  12 323
124026' 27045'  14 12 - 116 120 +4 2.1.13 C. %I
129001 '  24047'  12 9 -3 95 92 2 2.1. C. N

Amplitudes (cm)
Greenwich Phases (deg)

IAPSO = Int. Assoc. for the Phys. Sci. of the Oceans
C Cartwirght et al. (1979)
M Munk et. a). (1970)

Table 3. Southeast Indian Ocean Deep-Sea Empirical and Modeled S, Tides

LONG E LAT S EMP MOD A EMP 6 MO) 8 Ab IAPSO NR SOURCES

132001' 37001'  16 17 +1 100 104 +4 41. 1 C..IS
132009 '  50002'  9 9 0 108 114 +0 4.1. 2 .IS
132007'  60001' 10 9 -I 120 133 +13 4.1. 3 .IS

E Amplitudes (cm)
Greenwich Phases (deg)

JAPSO = Int. Assoc. for the Phys. Sci. of the Oceans
=('artwright ct al. (1979)

IS = Irish and Snodgrass (1972)

a. Strong. Weak. and Incomplete Antphidromes. There exist amphidronic rolation'. armind
so-called "strong,' "weak," or "incomplete" amphidromes. The fillyi deveCloped strong am phi-
dromes display almost uniformly increasing amplitudes and phases in radial or tan,,nt ial dirccl ions.
respectively. An example of the strong aniphidronie type may be seen in the North Atlanti
(Table 9N). These amphidromes are distinctly isolated and independent ot adjacent ,mphdvom.

rotations.

Weak amphidromes are characterized by distinctly unevenly growing aniplittides and pi,,'.

These amphidromes occur mostly in pairs with a channel ot low aliplitidc', and rapidl ,r\ W2
phases iti between. A typical example calt be seen in the central Last Pacific (-Lihle 71 ).

7



[ inally, there exist areas with distinctly low am plitude tides and rapidly varying ph:Jscs 1h1A

seem to conserge toward one (or more) points (incomplete amphidromes). F xamples of thi tp p
may be seen in the South Atlantic (tIable 9S and in the center of the Caroline Islands (Table 4M ).

b. (omopatihW and htconipauble ,I mphidrunwe Pairs. There exist pairs of aniphidromes with
"compatibly" (oppositely ) or "incompatibly" (parailely) rotating tidal waves. An example of the
first kind, located in the North Pacific. has a weak clockwise aniphidrome in the center and a
counterclockwise anmphidrome in the east. An example of the second kind exists in the North
Atlantic. This pair has a strong counterclockwise amphidrome in the center and a neighboring one
in the eastern Caribbean Sea.

As a result of incompatible amphidromes. one finds lines in cotidal charts along wiich

progressing tidal waves become standing and reverse their directions. On those wave reversal
curves, cotidal lines are cuspate. Another interesting consequence of incompatible amphidroines is
the progressing tidal wave that follows along the whole eastern coast of the South and North

Atlantic from South Africa in the south to Norway in the north. This tidal wave is obviously
driven by the combined amphidromic systems existing in the South Atlantic, in the eastern
Caribbean Sea, in the North Atlantic, and north of the Faeroe Islands. all of which rotate counter-

clockwise.

c. Relief Distortions and Retardations of Tides. As can be seen in all amplitude and phase
charts of Appendix A, tidal waves crossing shallow continental shelves (see, e.g., the western
Atlantic coast), narrow ocean ridges, or island chains (see, e.g.. Ca~ibbean. Hawaiian. Aleutian. or
Marianas) suffer strong distortions and retardations. In fact, phase retardations of more than 30'
and even 60° occur across ocean ridges. Moreover in certain coastal corners (e.g., in the North
Sea, Table IN: in the Bering Sea, Table 5N: on the Patagonian Shelf, Table 8S: and northwest of
Australia. Table 4M). one finds oceanic tidal waves shedding small amphidromic rotations. As was

pointed out in Schwiderski I 978a, I 979d, e, and 1980), those rough tidal phenomena have long
been known (see e.g.. Harris. 1904: t)efant. I961: and Luther and Wunsh. 1975). The satisfactory
resolution of those distortions played a major role in the successful charting of ocean tides.

8
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4. CONCLUSIONS

Hih hydrodynamical interpolation technique has been applied to construct the scinidiUrna I
priuictixl 'S()"" t ide (S2 ) with a relative accuracy of better than 5 cm anywhere in the open oceaws.
I he cotr:tiLCted tide is diSplayed by tabulatedI charts in Appendix A and by corange and coh da I

1111pS i1) AppendiX B~. The imajor features of the S2 tide are discussed in Section 3. A comparison
withl the earlie compu1)ted M2 model reveals close similarities.
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APPENDIX A

ATLAS OF I' x I' S2 OCEAN TIDE AMPLITUDE
AND PAASE CJARTS FOR 420 x 71' AREAS

I GUIDE TO TIDAL CHARTS

M = in: Longitude Number
N = 11: Colatitude Number

= (in - 0.5)°: Geographical Longitude East
0, = l - 0.5)°: Geographical Colatitude

= (Xr. O ): Amplitude (in cm)

in = 6,, a, O : Greenwich Phases (in deg.; 300 = I hr)

0) =Amphidromic Points
= Subbars Mark Empirical Input Data at Shore Stations

Suhrackets Mark Empirical Input Data at Near-Shore Deep-Sea Stations
Subtildes Mark Approximately )istant Offshore Deep-Sea Stations with Excluded

Empirical Tide )ata Listed in Tables I. 2. and 3

2. SOURCES OF EMPIRICAL TIDE DATA

Publications:

NationAl Oceam SUrwy 1942). British Admiralty (1977). International Hydrographic 3ureau
I T 8. )trani ( 1901 ). Miyazaki et al. (1967), Nowroozi et al. (1969). Munk et al. (1970). Zahel

(19'). Irish ct al. (1971 . Irish and Snodgrass (1972). Nowroozi (1972). Luther and WUnsh
197). Moticld (1975 . Pearson (1975), Zetler et al. (1975). Cartwright et al. (1979). and Pugh

I 197 .

Private ( ommulica tions:

1). C. Simpson 1977 ). National Ocean Survey. Rockville, Maryland: S. K. (Fill and D. L. Porter
(19'8). National Otean Survey. Rockville. Maryland; K. Wyrtki (1978). University of Hawaii.
I 11i l1l). iliwaI. ;nd I). 1'. (artwright and D. Pugh (1978). Institute of Oceanographic Sciences.
Bidston ( )hcrvator\., Ul.K.
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APPENDIX B

ATLAS OF GLOBAL S2 OCEAN TIDE
CORANGE AND COTIDAL MAPS



APPENDIX B

ATLAS OF CORANGE AND COTIDAL MAPS
OF THE S 2 OCEAN TIDE

Amplitudes t of corange lines in cm.

Greenwich phases 5 of cotidal lines in 15. 30, 45, 60. 75. 90, 105, 120, 135. 150. 165.
180, 195. 210, 225. 240. 255. 270, 285, 300. 315, 330. 345. 360 = 0' where 300 1 hour.
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